Microneedles have been recently given much attention as a novel way for transdermal drug delivery. In this paper, the mechanics of microneedle insertion into soft tissue during drug delivery and also the changes in the forces and moments of the microneedle is to be presented. A non-linear displacement of the microneedle insertion into the soft tissue is expressed as a quadratic polynomial function and solved using Galerkin technique. The geometrical behavior of the microneedle tip is to be considered in the analytical model. The graphical analysis of the analytical model are presented using MATLAB. The analytical model helps to improve the microneedle design by minimizing the pain of insertion and increasing the mechanical strength.
Introduction
Microneedles are typically smaller in size and to use them effectively and safely, a thorough understanding of the microneedle-soft tissue interaction mechanics is necessary. The microneedles experience various kinds of external forces and moments during the insertion for drug delivery. A comprehensive analytical model and evaluation of the microneedle interaction with the soft tissue is needed to increase successful insertion of microneedles. The mechanics of the microneedle are different when working on the micro scale and it requires various driving forces. The mechanical interaction between the microneedle and soft tissue is influenced by a number of parameters such as forces and moments in the axial, normal and bi-normal directions, geometric and mechanical properties of microneedle characteristics. A variety of different microneedle designs have been fabricated using materials such as silicon, metals and polymers, with feature sizes ranging from sub-micron to millimeters. Although, many microneedle designs have been proposed, not all are capable of inserting into the skin. A quantitative knowledge about the mechanics of microneedle insertion into the soft tissue of human skin will allow intelligent design of microneedles that penetrate with small applied force and are strong enough to withstand this force. The analytical modeling of the microneedle insertion into the soft tissue for drug delivery application will help us to understand the relationships of the effect of microneedle geometry on the force required to insert microneedles into the human skin.
Relevant Works
The works related to the microneedle drug delivery mechanism and interaction with soft tissue has been surveyed in detail. Hertz (1882) solved the contact problem of two elastic bodies with curved surfaces and has provided a foundation for modern problems in contact mechanics. Galerkin (1915) has introduced the idea of weighted residual technique. Love (1944) has derived equilibrium equations for thin rod that covered the complete mechanics governed within the elastic limit. DiMaio et al., (2003) has described the methodology for estimating the force distribution that occurs along a needle shaft during insertion. They have provided an approach for quantifying the needle forces and soft tissue deformations. Prausnitz (2004) has described that using the tools of the microelectronics industry, microneedles has been fabricated with a range of sizes, shapes and materials. The author has addressed that for practical application of microneedles, the ratio of microneedle fracture force to skin insertion force would be optimal for needles with small tip radius and large wall thickness. Also, microneedles inserted into the human subjects were reported as painless. Okamura et. al., (2004) has presented a force model for needle insertion and experimental procedures for acquiring data from ex vivo tissue to populate a model and reported that a more complete model of the forces arising during needle insertion into soft tissues will require a combination of empirical and analytical modeling. Davis et al., (2004) has represented that all the microneedle geometries will not be able to insert into skin at reasonable forces without breaking. Aggarwalet. al., (2004) has discussed that the constraints of minimal microneedle dimension, force withstanding capabilities and their relations are the main basis for final design dimensions. Dehghan et al., (2007) has presented that the major displacements were in the axial direction therefore the estimation of the lateral motion with higher accuracy is the subject of further research in microneedle. Gill et al. (2008) has analyzed and suggested that pain depends primarily on the force of microneedle tip insertion and the depth to which the microneedle tip penetrates into the skin. Hafeli et al., (2009) has used an array of hollow out-of-plane microneedles and reported that redesigning the device's geometry will likely reduce the variability. Tachikawa et al., (2010) has reported that there is a lack of mechanical evaluation for the penetration of microneedles which is required to design a reliable microneedle array. Also, no literature exists that discussed the shape of the microneedle square array suited to skin surface with curvature. Mahvash et al., (2010) has described the mechanics of the rupture events and analyzed the effect of insertion velocity on needle force, tissue deformation, and needle work. Misra et al. (2010) has declared that previous kinematic models required empirical observations of each needle and tissue combination in order to fit model parameters. Dennis et al., (2012) has presented a survey of experimental data regarding the needle-tissue interaction forces. Gnanavel et al., (2012) has analyzed the interfacial contact forces of thin rod mechanics using Love's thin rod theory in his work. Boonma et al., (2013) has introduced a two-stage analytical modeling technique by considering different geometric design parameters and has employed the concept of finite element analysis, fracture mechanics and distributed load. Koelmans et al., (2013) has represented that a measurement of the insertion force versus the displacement provides valuable information about the mechanical behaviour of a needle. Gittard et al., (2013) has reported that examining the depth of penetration for microneedles and the mechanism by which microneedles enter the skin beyond the stratum corneum are necessary steps for enabling researchers to better understand how pharmacological agents and vaccines are delivered using microneedles. It is found that thorough studies on the effect of geometric parameters have been inadequate as most work considered only interfacial area, length, and diameter of microneedles. Tip angle was mostly left out and its effects to insertion force of microneedle remain unclear. In this paper, a model of forces and moments during microneedle insertion into soft tissue is presented assuming the microneedle to be a small straight structure used in drug delivery application. The geometric behaviour of the microneedle tip are considered in the analytical model.
Mechanics of Microneedle
The mechanics of the microneedle insertion into the soft tissue is studied using the thin rod theory derived by Love (1944) . (6) where is the curvature along the normal direction, is the curvature along the binormal direction and is the twist along the axial direction of the microneedle. The curvatures and twist can be expressed in terms of the tip angle α 0 of the microneedle and the mean radius r 0 of the microneedle in the pre-puncture phase as follows (7) (8)
The moments G, G', H of the microneedle in the above directions are expressed by the change in curvature and twist and are generally given by the basic flexural moment and twisting moment relations. The force T along the axial direction of the microneedle is proportional to the axial strain ε N of the microneedle. The existence of the distributed forces Y, Z and the distributed moments K, K', Θ depend on the contact forces that make the microneedle displace the tissue boundary and the frictional resistance at the microneedle-soft tissue interface. When microneedle is applied with axial force, the microneedle into the soft tissue will offer the interfacial contact force X in the normal direction of the microneedle. The tensile force T acting on the microneedle in the axial direction of insertion can be found from the Hooke's law and given as the following relation (10) where is the Young's modulus of the microneedle material; A is the cross sectional area of the microneedle and is the axial strain of the microneedle. The bending moment G' in the binormal direction is derived from the moment equations as follows (11) where I is the moment of inertia, is the change in the binormal curvature. The twisting moment H of the microneedle can be expressed from the torsion equations as follows (12) where is the Poisson ratio, J is the polar moment of inertia, is the change in the twist of the microneedle. The insertion force on the microneedle array in the axial direction is represented as F and the twisting moment of the microneedle array is represented as .
Non-Linear Mechanics of Microneedle Insertion into Soft Tissue
The sequence of events associated with the microneedle insertion into the soft tissue is presented in the model. The position of the microneedle relative to a soft tissue boundary can be distinguished into pre-puncture and postpuncture phases of interaction. In the pre-puncture phase, the microneedle comes into contact with tissue boundary and ends with the puncture event. In the post-puncture phase, the microneedle tip punctures & inserts into the tissue followed by the shaft insertion. The model is first described using the force-displacement response associated with microneedle insertion into the soft tissue. From the previous work of researchers, it is observed that the relationship between the force and displacement of the microneedle insertion characteristics follow a second order polynomial function.
Insertion characteristics of microneedle into soft tissue
When the microneedle is inserted into the soft tissue, initially the microneedle tip gets inserted followed by the microneedle shaft. In this phase, the microneedle is subjected to a uniform axial load and the deformation of the microneedle during insertion into the soft tissue is given by the governing equation as follows (15) The governing equation considers both internal force and force due to mass involved during the microneedle insertion into the soft tissue. The boundary condition is taken by considering both the ends of the microneedle to be fixed. One end of the microneedle is fixed to the micropump and the other end is fixed to the soft tissue. This is given as the boundary condition
The soft tissue of human skin is linearly elastic for small deformations. There is a large amount of deformation before puncture, so the force must be modelled using a non-linear model. The best fit is to use a second order polynomial of the form. Assuming the non-linear quadratic function as (16) where is the displacement of the microneedle and are the residue of the quadratic function. The quadratic function is solved using Galerkin technique.
(17) where W(x) is the weighted function and is the domain residue. By applying the boundary condition and solving the Equation (15) & (16), the displacement of the microneedle into the soft tissue is obtained as (18) The strain on the slant side of the microneedle caused due to the displacement into the soft tissue is obtained as 
Radial strain due to Poisson's effect on microneedle
When the microneedle is inserted into the soft tissue, there is a compressive strain on the microneedle. The change in the original length of the microneedle and radius of the microneedle in the deformed state i.e., post-puncture phase is given by the radial strain on the microneedle. The radial strain of the microneedle due to the Poisson's effect can be expressed by (20) where is the Poisson's effect of the microneedle.
Geometrical behaviour of microneedle tip
The knowledge of tip geometry and of the relevant angles is a pre-requisite to understand the mechanics of microneedle and soft tissue interaction. A hollow out-of-plane microneedle with blunt bevel tip is considered in our analytical model. From the tip geometry of the microneedle, the strain along the microneedle axis is evaluated as a function of the strain along the slant side of the microneedle tip, the radial strain and twist. The geometric parameters of the microneedle tip as shown in Figure. 2 are the following: radius of the microneedle (r 0 ), slant side of the microneedle tip (l 0 ), length of the microneedle tip along the axis (h 0 ), position angle ( ) and twist angle in the microneedle ( ).
When the microneedle tip is inserted into the soft tissue, the micro needle axial strain along the length of the microneedle tip is given by
The strain along the slant side of the microneedle tip is given by
The following trigonometric relations can be established for the pre-puncture and post-puncture phases of the microneedle insertion, in terms of the microneedle position angle , the twist angle of the microneedle χ, and the mean radius of the microneedle r.
(23) (24) (25) (26) where and the subscript '0' denotes the parameters in the pre-puncture phase.
Fig.2 Geometry of the microneedle tip
The parameters like microneedle tip angle α, the twist angle of the microneedle tip χ, and the mean radius of the microneedle r in the post-puncture phase can be expressed from the pre-puncture phase as follows (27) (28) (29) During the post-puncture phase, the microneedle tip and shaft is inserted into the soft tissue. The outer and inner strain is same along the shaft of the microneedle but it varies towards the tip of the microneedle.
Combining Equations (21), (22), (23) & (25), the microneedle axial strain is obtained as a function of strain along the slant side and change in tip angle as follows (30) The rotational strain of the microneedle due to the twist can be expressed by (31)
Combining Equations (24), (26), (29) By differentating Equation (8) , the change in the binormal curvature can be obtained in terms of the change in microneedle tip angle and the radial strain of the microneedle and is given as (36) where By differentating the Equation (9) the change in the twist can be arrived in terms of the change in microneedle tip angle and radial strain of the microneedle and is given as: (37) The geometry of the microneedle tip has a significant effect on the mechanical strength of the microneedle.
Results and Discussion
The analytical formulations are evaluated in detail using MATLAB. The numerical values for the analytical model are considered from the experimental data of Boonma (2013) . The material property of the microneedle are Young's modulus (E N ) of silicon is 169 GPa, density ( ) of the microneedle is 2330 kg/m 3 and Poisson's ratio ( ) of the microneedle is 0.17. The geometrical property of the microneedle are the length (L) of the microneedle is 500 μm, microneedle tip angle 10°, inner radius ( ) of the microneedle is 90 μm and outer radius ( ) of the microneedle is 230 μm. The soft tissue consists of three layers: stratum corneum, epidermis, and dermis. Their Young's modulus is 1 GPa, 0.134 MPa, and 0.08 MPa respectively. All tissue layers have the Poisson's ratio as 0.4.The microneedle insertion position -displacement and strain along the slant side of the microneedle tip is plotted from the non-linear mechanics derived using the Galerkin method. The geometric behaviour of the microneedle tip is investigated using the trigonometric relation of the microneedle tip. The strain along the axial direction, radial direction, slant side of the microneedle tip and rotational strain are evaluated.
The non-linear quadratic equation solved using Galerkin method derives the analytical expression for displacement shown in the Equation (18) and strain along the slant side of the microneedle tip given in Equation (19). The Figure.3 shows the graphical plot between the displacement and microneedle insertion position. Assuming both ends of the microneedle are fixed, the curve obeys the non-linear mechanics of the microneedle insertion into the soft tissue. It can be observed from the graph that for a maximum displacement of 2.435x10 -9 m the required length of the microneedle for an efficient drug delivery with minimum pain is around 300 μm. The Figure 4 shows the plot between the strain along the slant side of the microneedle tip and microneedle insertion position. The inference from this graph is that the strain is lesser for a shorter microneedle and strain value increases when the length of microneedle is increased. Therefore, these analysis suggest that the threshold value of optimal microneedle length is around 300 μm and smaller microneedle length is preferred to reduce the pain during the microneedle insertion. The strain along the axial direction of the microneedle tip is obtained from Equation (34). Figure 5 shows the graphical plot between the microneedle insertion position and strain along the axial direction of the microneedle tip. The microneedle insertion position shows non-linear characteristics with the strain along the axis of the microneedle tip. The compressive strain during microneedle insertion depends primarily on the force of microneedle tip insertion and the depth to which to microneedle tip penetrates into skin. The strain along the axial direction increases with the microneedle insertion position. Therefore for ease of insertion and possible reduction in pain, microneedle tip should be sharp to displace into the soft tissue with lesser strain. The strain along the radial direction of the microneedle tip due to Poisson's effect is obtained from Equation (20).The Figure 6 shows the graphical plot between the microneedle insertion position and strain along the radial direction of the microneedle tip with due consideration of Poisson's effect. From the observation, as the insertion position of microneedle increases beyond 300 μm the radial strain also increases due to its change in the original length. The change in microneedle tip angle is obtained from Equation (35). The Figure 7 shows the microneedle insertion position relative to the change in the microneedle tip angle. From the observation a small change in the microneedle tip angle causes a significant impact on the depth of penetration during microneedle insertion into soft tissue. The microneedle tip angle has an effect on the mechanical strength of the microneedle. The change in curvature along the binormal direction is obtained from Equation (36). The Figure 8 represents the graphical plot between the microneedle insertion position and the change in curvature along the binormal direction. This graph infers that initially there is a small change in curvature of the microneedle and this change in curvature decreases during the microneedle insertion into the soft tissue. The change in twist of the microneedle is obtained from Equation (37). The Figure 9 represents the graphical plot between the microneedle insertion position and the change in twist that infers there is an existence of twist in the microneedle when it punctures the soft tissue. When the microneedle enters the post puncture phase, the twist in the microneedle axial length decreases. 
Conclusion and Future Work
This paper has addressed a new methodology to identify the prevailing mechanics in a microneedle insertion into the soft tissue, when it is subjected to axial tension and torsion. The mechanics of the microneedle insertion into the soft tissue are studied in this paper, using Love's thin rod theory. The analytical expressions to examine the nonlinear displacement of the microneedle during the insertion into the soft tissue and the related strain have been derived. Analysis of the prevailing geometric behaviour of the microneedle tip and detailed investigation of the strain such as strain along the axial direction, radial direction with due consideration of Poisson's effect and slant side of the microneedle tip are presented. Extension of the present model to consider the effects of the axial, lateral and friction forces and the effect of microneedle when it is bend under impact of force are future concern. Different tip geometries can be considered for analysis. Further, non-linear studies of microneedle behaviour and tissue characteristics will enable future researchers for optimal design of microneedles.
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